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The vibrational relaxation of ar, Imolecule in a xenon fluid has been simulated by three methods. The
conventional perturbation theory approach based on an equilibrium molecular dynamics (MD) simulation is
compared with purely classical nonequilibrium MD and mixed quantatassical surface-hopping MD
simulations. Relaxation times and state-to-state vibrational transition rate constants obtained with these three
approaches are compared and information that can be extracted concerning the mechanism of vibrational
relaxation is examined. Both harmonic and anharmonic solutes are considered as are some common
approximations invoked in obtaining vibrational relaxation times.

1. Introduction solvable models, Egorov et &lfound that no method was

satisfactory for all of the models they considered and, more
importantly, the performance was inconsistent and the approach
is thus not always predictive. Some considerations of how to

Vibrational energy relaxation (VER), in which a vibrationally
excited molecule loses energy to the surrounding solvent, is a

,(il”t'tcal ro?pon\e/rét;f Tumerqus pr?cetssels n condtr_ens%d |dh?as_es. choose approximate QCFs have been given by Skinner and Park
otonly does play an important rofe in reaction dynamics recently’® Using a more reliable quantum correction factor,

and phqtochemistry, but also it has the pot(_antia.l to be usgd aSskinner and co-workers have obtained good agreement with
a sensitive probe of the environment of the vibrationally excited experimental vibrational relaxation lifetimes fop @ = 1) in
mode3# Thus, an accurate theoretical description of VER is liquid O Most recently, on the basis of the harmonic bath

vit_al to modeling chemical dynamics in complex systems. _In assumption, Kim and Rosskdeveloped a promising approach
tr.'t')s Fapelr, \lNe Eom??r? thrgihaperozchgslz for .‘caIch:gtlngto obtain a quantum correlation function directly from the
V|Ira lona reﬁ\xa |on||e|mes. 'I'be's an arl elrm|§, OldeN " gimulated classical correlation function. However, because most
rule approach, purely nonequilibrium molecular dynamics ¢y age approximate QCFs can only be derived with an effective
simulations, and mixed quantunclassical surface-hopping harmonic bath assumptidh2® an anharmonic solvent may

S|r_rll_lrj1lat|onst. h ical treat t of VER is based represent a significant test.
€ most common theoretical treaiment o IS base Recently, a method for calculating the TCF on the basis of

on perturbation theoh?24 and makes use of equilibrium ) e . .
. . . I - Feynman’s quantum statistical formulation of path centroid,
molecular dynamics (EMD) simulations. Within this formalism, . .
known as the centroid molecular dynamics method, has been

the state-to-state transition rates are determined by evaluatinqntroducedz7 This method has been applied to a variety of
the Fourier transform of the time correlation function (TCF) of dynamics broblem%a‘% however. its mari)rﬁ)limitation is thatyit

the force exerted by the solvent on the solute vibrational mode can onlv be applied to a certain class of liquid-state correlation
at the vibrational frequency of the solute. Given the large number functior?szg’ PP q
of solvent particles in a condensed-phase system, obtaining the o . )
exact quantum mechanical TCF is not feasible except for special Besides the problem in calculating the forderce TCF,
cases. Thus, the quantum TCF is usually replaced by its classicafnother difficulty associated with the perturbation theory
analogué,which can be calculated directly during the dynamics @PProach is that for high-frequency vibrations an accurate
simulation. This approach has been widely succedg®ils17.25 Fourier transform of the TCF is difficult to obtain because of
however, this classical treatment can fail when the spacing the numerical noise inherent in any computer simulation.
between the solute vibrational states is much larger than However, one can circumvent the numerical Fourier transform
kgT.10 by using short time expansions of the forderce TCF. The

One approach to circumventing this problem is to find the expansion coefficients are used to determine the parameters of

relationship between the classical and quantum TCFs, the so-an analyt_ic ansatz for_this T_CF’ which can be (_avaluated at all
called quantum-correction factor (QCF). In particular, Bader times during the MD simulation and through which the Fourier

and Berne found an exact analytic form of QCFs for the model transform of the TCF can be obtained analytically. Egorov and

system of a harmonic solute bilinearly coupled to a harmonic SKinner expanded the TCF in powers of time .upt"(car:g
bath® Furthermore, they pointed out that the VER time for such Calculated the vibrational relaxation rates ofrl = 1) in xenort

a system described classically is the same as that obtained from '€ results are expected to be significantly better than those

a quantum mechanical treatment. Unfortunately, an exact QCFOPtained by Gaussian expansion (upemethod (see section
is generally not known for other systems. Comparing several 4.1).

schemes for obtaining the approximate QCFs for exactly —Nonequilibrium molecular dynamics (NEMD) provides a
direct, nonperturbative, purely classical approach for calculating

*To whom correspondence should be addressed. E-mail: wthompson@ YER rates in solution. The NEMD method has been applied to
ku.edu. Fax: 785-864-5396. a variety of condensed-phase systéfig:3733 Some results
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for which NEMD VER rates are comparable to those obtained 2. Theory
by the EMD method have been discussed by Bader and Berne. 2.1. Equilibrium Molecular Dynamics (EMD). The most

In addition to the EMD-based perturbation theory approach prevalent approach for calculating vibrational relaxation rate
and the purely classical NEMD simulations mentioned above, constants is based on perturbation theory and requires only an
an alternative approach for exploring dynamics in solution is equilibrium molecular dynamics simulation. As discussed in the
based on Tully's surface-hopping methdd> Unlike the Introduction, straightforward application of Fermi's Golden rule
quantum-classical incarnation of the standard EMD-based can be problematic for real systems because of the difficulty in
treatment,® the surface-hopping approach is not based on knowing the proper quantum correlation function. One success-
perturbation theory. Therefore, the weak coupling approximation ful case for which the state-to-state vibrational transition rate
is not invoked, quantum mechanical effects associated with the constant has been derived is that of a harmonic oscillator solute
solute are included, and numerical problems, for example, with a harmonic solvent bath and soluteolvent coupling that
associated with the Fourier transform, are circumvented. In is linear in the solute coordinatdJnder these assumptions, the
addition, the surface-hopping approach accounts for self- state-to-state transition rate from statéo staten — 1 can be
consistent interaction of the quantum and classical subsystemswritten a$
Thus it provides an additional context in which to investigate
the potential shortcomings of mixed quantupiassical meth- qm - _ 2n ) (1)
ods? Moreover, the MQC surface-hopping simulations represent T upholl + exp(—pho)] "
an alternative approach for exploring the mechanisms of VER
more directly than perturbation theory, for example, how the
energy is deposited in the surrounding bath.

The VER of b in xenon has been widely studied by
experiment®¥37 and theory?20:22:3842 |n particular, the vibra-
tional relaxation of 4 in xenon has been well-characterized . _ pho Pho) .,
experimentally by Harris and co-workers for a range of solvent Eqm(@) = o CO”(T) Ea() (2)
temperatures and densities. Brown e#atarried out NEMD
simulations to model these experimefftd’ Their results for ~ With the classical dynamic friction given by
the decay of ] vibrational energy are in very good agreement .
with the experimental results if the time axis of molecular &y(w) =ﬁﬁ) dt cost) OF(t)oF(0) 3
dynamics decay is scaled by a factor-af2. The significantly
more rapid energy transfer in the simulations was attributed to The classical force autocorrelation functioi@F(t)0F(0)0,

a too-repulsive 3—Xe potential. With the use of the same wheredF(t) = F(t) — FOandF is the force exerted by the
intermolecular potentials, similar VER times were obtained with solvent on the solute bond, is calculated during a purely classical
the instantaneous-pair theory developed by Larsen and $tratt. molecular dynamics simulation carried out with a fixed solute
The idea of this theory is that the main contribution to vibrational bond distance.

friction correlation comes from a few mutual nearest-neighbor  Using a kinetic scheme and detailed balance, Bader and Berne
pairs between individual solute and solvent sites. Their results showed that the vibrational energy relaxation obeys an expo-
suggest that the vibrational relaxation efih xenon is a few-  nential decay law and that the relaxation rate cons@&nt, in

body dynamics process. Egorov and Skinner have calculateda mixed quantumclassical treatment (a quantum solute in a
vibrational relaxation timesTy, over a wide range of densities ~ classical solvent) can be written as

and temperaturesThey obtained good agreement between their

where §ym(w) is the frequency-dependent quantum dynamic
friction andu is the reduced mass of the solute molecule. The
friction, Sym(w), can be determined analytically from its classical
analogue and a QCF,

results, based on a breathing sphere model, Bndalues T 71=tanh6h(4)/2) Eulw) 4)
extracted from experimental détay fitting one parameter in . Phwl2 u

the interaction potentidf In their study, the forceforce TCF .

was fit using short-time information up to ordet. More For a quantum solute in a quantum solvent,

recently, Miller and Adelman calculated the temperature and .

solvent density dependence of the vibrational energy relaxation T171 = Sa(®) (5)

rate constanty(T,p).2° Their VER times are obtained based on u
a Gaussian approximation for the forclorce TCF, which is
exact to ordett?. No comparison with experiments is given.
The Gaussian approximation, while perhaps yielding significant
absolute errors inl; (see section 4.1), will probably often
reliably predict experimental trends.

In this paper, the standard MQC surface-hopping method, T, = (kg — leO)_l (6)
NEMD simulations, and EMD simulations based on perturbation
theory are carried out forzlin a xenon fluid. Vibrational — which is in agreement with that derived by Landau and Téfjer.
relaxation times obtained by these three kinds of molecular Obviously, the assumptions of a harmonic solute, a harmonic
dynamics simulations and mechanistic information obtained by solvent bath, and weak bilinear coupling mean these equations
the MQC and EMD simulations are compared and discussed. are approximate for realistic systems. However, for this infinitely
The organization of this paper is as follows. In section 2, we dilute rare gas solution systeny {h xenon), we use this QCF
describe how VER is simulated in each of these three methods.without test; we expect that the anharmonicity of the solvent is
The details of the computational procedures are given in sectionnot too large.
3, and the calculated results are presented and discussed in 2.2. Nonequilibrium Molecular Dynamics. Nonequilibrium
section 4. Finally, a brief summary is offered in section 5. molecular dynamics can be used to determine classical vibra-

which is the same as the purely classical result. (It is interesting
to note that using egs 1 and 2, one can easily obtain the VER
time Ty (eq 5) in terms of the state-to-state transition rate
constants as
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tional energy relaxation times directly by investigating the time
decay of excess vibrational energy. If the energy decay is
exponential, the relaxation timg, is given by

EOF B0y,

E, )0 E,e)] &

wherelE,(t)Ois the nonequilibrium average of the vibrational
energy at time, [, (c0)0is the equilibrium average vibrational
energy, and the nonequilibrium average initial energy is
[E,(0)IJIn the present work, the vibrational energy for a diatomic
solute is taken to be

pA(t)

E@®= 2T VIr(®)] (8)

wherer is the diatom internuclear distance with conjugate
momentump, and V/(r) is the potential energy function for an
isolated diatom.

2.3. MQC Surface-Hopping Approach.A nonequilibrium
mixed quantura-classical surface-hopping approach can also
be used to calculate relaxation tinf€s? Here we consider one
solute molecule dissolved in a solventdfatoms. The details
of our implementation of vibrationally adiabatic molecular
dynamics have been given elsewh&é’Briefly, the classical
Hamiltonian for the full system is

2 2

Pr Pe N sz
H(r.p.ep.QP)=—+—+ Y —+V(reQ) (9
2u ur? ;Zn}

wherer ande are the bond distance and orientation coordinates
of the solute molecul& = (Q1, Q», ..., Qn) are the coordinates

of the N solvent atomspy, pe, andP = (P, P, ..., Py) are the
corresponding momentg, is the solute reduced mass, amg

is the mass of solvent atojnThe potential energyw/(r,e,Q), is

the sum of the vibrational potential of the solute and the pairwise
Lennard-Jones potentials describing the sehsielvent and
solvent-solvent interactions. Within the mixed quantam
classical formalism, the vibrational degree-of-freedom of the
solute is treated quantum mechanically while the remaining
degrees-of-freedom are treated classically. If a B&ppen-
heimer separation between the “fast” vibration and the other,
“slow,” coordinates is valid, the dynamics of the system is then
governed by the following coupled equations: first, the vibra-
tional Schrainger equation,

h(ePaQ)d,(r:ePeQ) = E(ePQ)p(r:iep.Q) (10)

from which the stationary adiabatic vibrational states,
on(r;epe,Q), of the solute for fixed classical coordinatee,
andQ are obtained, where the quantum mechanical Hamiltonian
is written as

2
e

a2
Py
-+
2u

h(ep.Q) = + V(f,epeQ) (11)

'r~2
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N P R
Hn(eipe!Q1P) = —+ |3§n|hr|¢nm
&iom

N sz
= Z_ + En(eupe*Q)
=2m

The time-dependent wave functionl(r,epeQ,t), can be
expanded in terms of an orthonormal adiabatic basis,

o(r;e.peQ),
W(r.epQ.t) = ch(t)‘t’k(r;erper)

12)

(13)

Then, the complex-valued expansion coefficie@tssatisfy

ihC, = ch(Ekakj —ihQ-d,) (14)
£

where Ei is the energy of the adiabatic vibrational st&te
obtained by solving eq 10C|? is the corresponding occupation
probability, anddy;(e,pe,Q) is the nonadiabatic coupling vector
defined as

dij(ePeQ) = [(r:epeQ)Vod;(riepe Q)

Tully's “fewest switches” algorithi#f-3%is used to incorporate
transitions between the different adiabatic vibrational surfaces
induced by the nonadiabatic coupling. A random number
(0 < & < 1) is generated and compared with the transition
probability gy between the adiabatic stat&sand j at each
classical time step. The transition probability is given by

(15)

gy = ma a (16)
where
A = |Ck|2
by = —2Re CC;(Q-dy)} 17)

For a two-level system, for instance kif= 1, a switch to state

2 will occur if & < gip and ifk = 2, a switch to state 1 will
occur if & < g21. To maintain energy conservation, if a switch
does occur, the classical velocities are scaled. If a hop is
attempted to a state of high energy and the required velocity
reduction is greater than the component of the velocity to be
adjusted, the velocity component is reversed without switching
states’

The standard MQC method just described retains full coher-
ence in the evolution of quantum amplitudes, which is supposed
to overestimate the quantum subsystdmath nonadiabatic
coupling, as discussed by Rossky and co-worRetsin a series
of papers, they pointed out that the coherence loss (quantum
decoherence effect) attributed to the subtle differences in the
dynamics between the bath and different quantum states of the
subsystem can be important in determining the rate of electronic
transitions. Several explicit methods of incorporating decoher-
ence effects in mixed quantunclassical systems were sug-
gested to improve the calculated rate constants.

Unlike electronically nonadiabatic systems, which often have
only small regions with strong nonadiabatic coupling (the
solvated electron being an exception) where transitions can

and, second, the classical equations of motion governed by theoccur, here a vibrational transition can occur at any time during

vibrationally adiabatic Hamiltonian for state

the whole dynamics process because while the nonadiabatic
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TABLE 1: Potential Parameters of I, in Xenon whereF,, andFy, are the forces exerted by the solvent on the
|—Xe Xe—Xe - two solute iodine atoms arfilis the unit vector between them.
Lennard-Jones o (A) 3.0 210 T.he power spectrum of the_TCF evaIiJaFed at t@gas-phase
e (K) 303.7 221.6 vibrational frequer)cyf(wo = 214 ch_) is obtalneq by the
Morse De (V) 1.547 standard fast Fourier transform technique. To obtain converged
a (2(1) 1.864 results, an ensemble average of 35 trajectories is calculated with
' ro (A) 2.667 step size of 2 fs and a propagation time of 625 ps.
harmonic Ir(o((eﬁ\\;) 22'2273 3.2. NEMD Simulations. Constant temperaturé¥T) mo-

lecular dynamics simulations by the constraint metAade

. . . . carried out for both the anharmonic and harmonic solute models

coupling continually fluctuates, no extended weak nonadiabatic - L o oo
with two low initial excitation vibrational energy valueAE,

coupling region can _be ident_ified. For example, there is an _ 214 and 321 cmt, which correspond to the vibrational energy
average of 80 transitions during the two-level model 500 ps of the L, molecule in then = 1 excited state without and with

MQC simulation of the present system. Therefore, at short tlmes,the vibrational zero-point energy, respectively. A trajectory is

the quantum states associated with different possible classicalﬁrst ropagated using a leapfrog Verlet integrétgot = 3 fs)
trajectories retain coherence; however, as the various possibl propag g birog g

classical trajectories diverge, coherence is dissipated. Sor a 60 ps equilibration period; the solute vibrational energy

. . . isthen increased XE, from an average equilibrium vibrational
Here we use the surface-hopping approach W'th. no SIOec'alenergkaT. All excess energy is added as kinetic energy by
accounting for decoherenc_e effects beyond averaging over thesetting the bond distance to be the gas-phase equilibrium value;
rando_m seed tha_t de_termnjes the hops_. While t_he effec_t ONihe center-of-mass and orientation are not changed. Next, a 900
V|prat|onal relaxation times is not clear, itis the Ioglcal starting ps nonequilibrium trajectory is run for data collection. An
point; we are gurrently mvestlgatlng mgthoqls for |ncorpqrat|ng additional 10 ps equilibration period is performed before another
decoherence in MQC simulations of vibrational relaxation. nonequilibrium trajectory is run. This procedure is repeated for
) ) ) a total of 700 nonequilibrium trajectories. Finally, the average

3. Simulation Details energy is fit to eq 7 to check the energy decay law and to get
the relaxation tim&;. Instead of constant temperature dynamics

simulations, constant energy dynamics simulations are used for
two high initial vibrational energy valuegEy; = 6000 and 9000

cm~1, while the other simulation parameters and procedures are
the same as those for the low excitation energy simulations.
gFor both anharmonic and harmonic solute systems, the average

The system considered in this work is a singjesblute
dissolved in a solvent of 107 xenon atoms in a cubic box of
length 19.87 A with the minimum image convention and
periodic boundary conditior?8, corresponding to a solvent
density of 3.0 g/cr Constant energyNVE) molecular dynam-
ics simulations are carried out with an average temperature o
~303 K during the EMD and MQC simulationsg.] For thF:a NEMD lemperatures are_326 and_342 K.KEO = 6000 and 9000 crt,
simulations, the situation is more complicated. To examine the respectively, dP””g t_he simulations. ) ]

VER of the b vibrational mode, energy is added to the | 3..3. MQQ Slm_ulatlons.The MQQ smulatlons .havel been
vibrational mode at the beginning of the data collection stage. carried out including two and three vibrationally .adlabatlc states
Because this procedure is after an equilibration stage, the averagétwo-level model and three-level model) to investigate the
temperature of the system in this data collection stage can beViPrational energy relaxation. The simulation is initiated with
difficult to control. To compare VER times with the other two ~@n equilibration period consisting of classical (with a fixed |
methods, we use constant temperatdteT) molecular dynam- pond distance) and adiabatic mixed quanttaiassical dynamics
ics for the two low initial excitation energyAEy, = 214 and in then = 1 state of 50 psdt = 2.5 fs) and 20 psdt = 2 fs),
321 cnr?) simulations. For the two high initial excitation energy  '€SPectively’? A swarm of trajectories is then propagated, all
(AEo = 6000 and 9000 cmi) NEMD simulations, constant starting from the final equilibrated conf[guratlon, for 50Q ps
energy molecular dynamics were used. We have found that for Under constant energilVE) surface-hopping dynamics during

the high initial energies, the temperature fluctuations do not Which the data is collected for analysis. At each classical
strongly affect the energy decay. dynamics step, the vibrational Schinger equation (eq 10) is

The solute-solvent and solvenrtsolvent interactions are solved by an iterative Lanczos algoritrﬁ%vﬁ“This approach can
described by a sum of pairwise Lennard-Jones potentials. Tobe_ tuned for the number of states of interest. For e_xample, for
study the effect of the solute potential on vibrational energy this sylstelm, gr;ly tﬂe thre? anld fodurhlowelst V||brat|(;)nlal states
relaxation, both Morse and harmonic oscillator potentials are are calculated for the two-level and three-level model, respec-

used to describe the solute molecule vibration during the NEMD tiyely, to meet the convergence criterion. A pote.ntial optimized
and MQC simulations. The potential parameters are given in discrete variable representation (PO-DVR) &siSs also used .
Table 1. to decrease the computational expense; 30 PO-DVR basis
3.1. EMD Simulations. Constant energyNVE) molecular functions are used here. The populations of the vibrational states
dynamics simulations are carried out using a leapfrog Verlet :trgpogtzzznoefdzbfyé a_}'ﬁ;ig”l%g \;f;j:(?tgri'\e/ISQ(?Og:iJSetCé?rjlleSSSVV\(llg:’n?S
integratof? with the k bond length constrained to its equilibrium : . ' . ) L
valuge. (The equatiléns of mo%on for the rigig diator?ﬂc are of trajectone_s, ea(_:h with a different _equm_bratlon run; each
integrated directlj?) The average temperature during the swarm of trajectories contains 30 trajectories from the same

. - - equilibration run but with different random number sequences,
simulations is 304.3 K. The force exerted by the solvent atoms _ - : S L e @
along the 3 bond is monitored at each MD time step and the which determine the vibrational transitions by Tully’s “fewest

force—force TCF is then calculated. The force used in eq 3 is switches” surface-hopping algorithm as described in section 2.3.

iven b . .
g y 4. Results and Discussion

F= E(F — F,)h (18) 4.1. EMD Simulations.The normalized force autocorrelation
20 a Ib function obtained from EMD simulations is shown in Figure 1.
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Figure 1. Normalized force autocorrelation function as a function of Figure 2. The vibrational energy relaxation of in xenon from the
time. The solid, dashed, and dotted-dashed lines represent numericaNEmMD  simulations using both” harmonic and anharmonic solute
results, a Gaussian fit, and a fit of ordégiven in eq 21, respectively. potentials versus time for initial vibrational excitation energies of (a)
The numerical results and fits are shown for short times (up to 150 fs) Ag, = Ao =214 et and (b)AE, = 3hw/2 = 321 cni'™. The smooth

in the inset with squares (Gaussian fit) and circles (ottiéi). lines are exponential fits based on eq 7.

TABLE 2: Overall and State-to-State Vibrational

Relaxation Times This fit yields 7 = 112 fs, which is nearly the same as the

comparable result of Miller and Adelman € 112.68 fs). The

Ti (ps) ko1 (PS) analytic VER timeT; is then given by
anharmonicharmonic anharmonicharmonic 1 \12
solute solute solute solute T1= Zu 24 2) eXp(a)oz‘L'ZIZ) (20)

NEMD AE;=214cnrt 185 112 F(0) N2z

AEy= 321 cnrt 169 116

AEy = 6000 cntt 110 which yieldsT; = 7.3 ns; this is much larger than thg= 149

AEp = 9000 cnt 98 ps obtained from the numerical Fourier transform. However, it
EMD ;'__;' igg 1o is in good agreement with the result of Miller and Adelman (

q-q 149 04 = 7.64 ns). _ .
MQC  two-level 114 88 155 120 We h_ave also fit the TCF to an analytic form based on an

three-level 132 113 expansion up to ordet* according to an approach used by

Egorov and Skinnér(dashed-dotted line in Figure 1),
The correlation function decays rapidly at short time%0
fs) but displays a small long-time tail beyond 2 ps. The
vibrational relaxation timél; and state-to-state transition rate
constantky—; are calculated from this autocorrelation function
according to eqs 4 and 5 and eq 1, respectively. We have Using this approach, we found to be 43.4 ps based on eq 31
adopted Berne’s harmonic moéehere in the absence of of ref 7. Naturally, the fit to ordet* is better than that to order
formulations for a general anharmonic system; it is anticipated t2 especially for the very short times. The force autocorrelation
that the anharmonicity of the xenon solvent will be small. The function and two fits are shown for the first 150 fs in the inset
guantum correction factor in these equations provides a methodpanel of Figure 1. Note that the ordéffit is indistinguishable
for connecting purely classical, mixed quantdniassical, and from the numerical result on this time scale, while the Gaussian
purely quantum mechanical relaxation times and rate constantsapproximation is in good agreement but with clear differences.
obtained from perturbation theory for the harmonic system However, at longer times, both the Gaussian approximation and
described in section 2.1; the results are listed in Table 2. For the fit to ordert* are inadequate for describing the decay of the
the kL molecule aff ~ 300 K, we havéiw ~ kgT and the QCF, calculated autocorrelation function because they fall too rapidly
for example, in eq 2, is approximately 1 (herBh@/2) to zero.
coth(Bhw/2) = 1.08). Thus the classical, quantum, and mixed  4.2. NEMD Simulations. The vibrational energy relaxation
quantum-classical EMD relaxation times are all similar. A of |2 from the NEMD simulations is shown as a function of
comparison of rate constants and VER times obtained from thetime in Figure 2. Results are presented for both harmonic and

three methods considered in this paper is postponed to sectiorenharmonicd potentials and two initial excitation energiesHy
4.4. = 214 and 321 cmi). The vibrational energy is fit to the

To examine the short-time approximations and compare with €XPonential decay law in eq 7 to extract the vibrational
the results of Miller and Adelma®, we fit the normalized relaxation timeTy; these times are given in Table 2. It is not

force—force TCF with a Gaussian (shown as a dashed line in clear to us how one would unambiguously extract state-to-state
Figure 1) transition rate constants from these simulations, and we have

not attempted to do so. It can be seen from Figure 2 that the
r{ t2) vibrational energy relaxation does obey an exponential decay

F(0)F(t) D= cospt)
[F(0)’0  coshét)

(21)

[F(O)F(HD_

(19) law, in accord with eq 7, for both harmonic and anharmonic
[F(0)*0)

272 solute potentials with these low initial excitation energies.
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Figure 3. Vibrational energy relaxation ot lin xenon as a function

of time for (a) a harmonic and (b) an anharmonic solute potential from
the NEMD simulations. The initial vibrational excitation energy of the
solute is 9000 cm. The circles show the exponential fits. The natural
logarithm of the excess vibrational energy is shown as a function of
time for the two simulations in the insets with the equilibrium
vibrational energyE,(«), taken to be 210 cn.

Results are presented for a high initial excitation enefdyo(
= 9000 cnT?) in Figure 3 for the harmonic and anharmonic |
potentials, along with exponential fits; the corresponding
relaxation times for the harmonic potential are given in Table
2. In this case it is obvious that, for the anharmonic solute, the
energy decayoes notobey an exponential decay law when
the initial excitation is large AE; = 6000 cnT?l, not shown,
and 9000 cm?). This is illustrated both by the inadequate
exponential fit and the nonlinearity of [ (t) — E(c)[] versus
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Figure 4. The results of two-level model MQC simulations gfih
xenon shown in two ways: (a) the population of the adiabatic
vibrational statesn(= 0,1) as a function of time; (b) vibrational energy
relaxation as a function of time. Results are shown for the anharmonic
solute potential. The smooth lines are fits based on eqs 23 and 24.

energy is found in anharmonic solute simulations with low initial
vibrational energy. It is not clear what is the proper choice of
vibrational excitation energy to simulate, for examples 1
relaxation,AEq = 214 or 321 cm?, and the dependence of

on the initial energy further complicates this issue.

4.3. MQC Simulations.One of the parameters in the MQC
approach described in section 2.3 is the number of vibrationally
adiabatic states included in the simulation. For the vibrational
relaxation of  (n = 1), the simplest possible choice is two
states (two-level model). The VER timR is expected to be
inaccurate in this model, but information regarding transitions
between then = 1 andn = 0 levels can still be obtained from

time shown in the inset. Taken together, the results presentedthis two-level model. Therefore, we will concentrate on the two-

in Figures 2 and 3 indicate that, not surprisingly, at low initial
energies the anharmonicity of the solute is less prominent but
with high initial energy this is not the case and the solute

level model in the following. We have carried out preliminary
calculations involving three states and comment on these in
section 4.4.

anharmonicity leads to energy decay that cannot be adequately Using the MQC surface-hopping approach described in

described by only one parameter sucfTasrhis has been noted
previously by other857 In addition, the nonexponential (or
multiexponential) energy decay is consistent with the experi-
mental results of Paige and Haffid” and the previous NEMD
simulations of Brown et & In fact, our NEMD results appear
to be in very good agreement with the latter simulations.

The energy relaxation time§,; obtained from the NEMD
simulations (see Table 2) with low initial vibrational excitation,
AEg =214 and 321 crmt, are~112 and 116 ps for the harmonic
solute, respectively, while for the anharmonic solute, they are
~185 and 169 ps, respectively. Thus, the VER times for the
anharmonic solute are longer than those for the harmonic one.
A more thorough comparison of the harmonic and anharmonic
solutes is given in section 4.5. For the two high initial vibrational
excitation energie\Eo = 6000 and 9000 cr, of the harmonic
solute the VER timed; are~110 and 98 ps, respectively; as
noted above, a single relaxation time cannot be obtained for
the anharmonic solute at these energies. Note that the relaxatio
times are essentially independent of the initial excitation energy
for the harmonic solute systems with both low and high initial

energies, taking into account that the temperatures are higher

in the high initial energy simulations than the low excitation
energy simulations (as discussed in section 3.2). A weak
dependence of the relaxation times on the initial excitation

section 2.3, we calculate the populations of the 1 andn
= 0 vibrational states as a function of time. The results from
these simulations are plotted in Figure 4. For this two-state
system, the vibrational energy relaxation obeys an exponential
decay law for both harmonic and anharmonic solutes, and
thus, the vibrational relaxation timd;, can be found by fit-
ting the vibrational state populations or, alternatively, the
energy relaxation directly. Obtaining the state-to-state transi-
tion rate constantdg. o and ko1, requires additional consid-
eration.

The two-level model assumes that the transitions only occur
between the lowest two solute vibrational states. From the
kinetic scheme

—

ki—o

n=1 0 (22)

and an initial population in the excited stajg(0) = 1, the

rE)opulation as function of time is given By

Ki—o + Koy €XP[= (Ko + Kot]
Kot Kos
@o(t)D= 1- %(t)D

(A, (0=

(23)
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The average vibrational energy as a function of tinsegiven exponential decay is observed for the harmonic solute for all
by initial energies. Third, some of the EMD results rely on the use
of QCFs, which are derived on the basis of a harmonic model
(E(t) = Z ei(t)pi(t)DZ Qe (1) — o] (D ()T systeni and thus are only approximate for then Xe system.
=01 However, an advantage of this system is that the QCFs are

(24) approximately 1 and the classical, mixed quanttetassical,

which can be obtained directly from the MQC surface-hopping and fully quantum mechanical results are all similar (within
simulation. To fitTE(t)Cand extract the transition rate constants, 10%).

we use eqgs 23 and 24 assuming in the latter that, for example, Given the difficulties just described, the agreement between
Lé1(t) pa(t) O= Le1(t) T (t)Tand Le1(t) 0= [d1ldq = €1. This gives the relaxation timesJ1, obtained from the low initial energy
the nonequilibrium vibrational energy in terms of the state-to- NEMD and three-level model MQC simulation results is

state rate constants as excellent for the harmonic solute potential and reasonable
(within ~20—30%) for the anharmonic solute. The relaxation
(E(t) (= ko1 T €1k | (€1 — €glko oottt times obtained from the EMD simulations are longer {80%)
Koq + Kig Koq + Kig than the NEMD and MQC times for the harmonic solute.
(25) However, the issue can be clarified somewhat by comparing

) ) the state-to-state transition rate constants from two-level-model

According to detailed balancky.o = ko1 €747, so the MQC and EMD simulations. The rate constant for the harmonic
average energy can be written as solute from EMD results,k(}i1 = 94 and 102 ps, is in

reasonable agreement with that (120 ps) from the MQC two-

€, + e, 8 P ; ; i ; i
o' ™ level model. Assuming the EMD simulation provides a reliable

EQ= > 4 :
1+ g Pla—< state-to-state rate constdqt, the VER timeT; ~ 69 and 75
€ — € - o ps is obtained from eq 27 in a two-level system. These values
— g fllrexptilaralt (o6) are similar to theT; ~ 88 ps from MQC simulations for the
1+ e e two-level model. Note however that given the disagreement

between the EMD and three-level model MQg values, it
must be that, for the three-level MQC simulations, either (1)
the state-to-state rate constégt, will not agree with the EMD
result or (2) the relation betwedn.; and T; given in eq 6
does not hold.

— -1_ —Bler—eoy1—1 Though the relaxation times obtained from the three simula-
1= Kot ko) kos(1+e ) 27) tion approaches are in good agreement, the relaxation is several
This is obviously in contrast to eq 6, obtained for a harmonic times faster than that observed in the experiments of Paige and
solute bilinearly coupled to a harmonic bathlote that eq 27 Harr|s.36_Wh|Ie_ the experlme_ntal energ_y_decay is non_exponennal
is derived by assuming that only the= 0 andn = 1 states are and a single time constant is not sufficient to describe the data_l,
populated. The difference with the EMD simulation is thus a the m_easurgd relaxation is clearly much fas_ter_than t_hat seenin
consequence of the use of only two vibrational states in the the simulations. Brown et al. observed this in their NEMD
MQC simulation. It is expected that this difference will be S|mulqt|ons and attributed it to potential functions that are too
significant, because fok Ithe equilibrium population of the repulsivé® (see also refs 10 and 42). We are currently
= 2 vibrational state is-9%: it is ~3% and~1% forn = 3 investigating the effect of using improved potential functions
andn = 4 vibrational states, respectively. Comparing results t0 calculate the vibrational relaxation times.
from the two-level and three-level model simulations in Table  4.5. Comparison of Harmonic and Anharmonic Solutes.
2, it is clear that the VER time is lengthened significantly by The NEMD and MQC simulations provide convenient com-
including then = 2 state. The VER time increases from 88 to parisons of the harmonic and anharmonic solute systems. In
113 ps and from 114 to 132 ps for the harmonic and anharmonicthe NEMD simulations, the relaxation becomes multiexponential
potentials, respectively. Thus, the MQC simulation with a three- for the anharmonic solute at higher energies but remains single
level model yields a VER time in very good agreement with exponential for the harmonic solute. For high initial vibrational
the NEMD results for a harmonic solute and in reasonable excitation, the relaxation is faster in the anharmonic potential
agreement for an anharmonic solute. than the harmonic potential, as expected. However, the relax-
In addition, from Table 2, for both MQC models, the VER ation time, Ty, is longer for the anharmonic solute than the
times are significantly longer for the anharmonic solute com- harmonic solute for both NEMD simulations with low initial
pared to the harmonic one, which is also observed in the NEMD energies. The same trends are found in the MQC simulations.
simulations (see section 4.5). This is an interesting result though it has been observed
4.4. Comparison of Different Methods.A comparison of previously>9-60 Of particular note is recent work by Karrlein
the EMD, NEMD, and MQC results is complicated by a number and GrabePf who developed a semiclassical theory of vibra-
of issues. First, the overall VER tim&;, obtained from two- tional energy relaxation based on a master equation. The micro-
level model MQC simulations cannot be straightforwardly scopic model that they used is an oscillator coupled to a bath
compared to those obtained via the EMD simulations as of harmonic oscillators. They found that the VER times are
discussed in section 4.3. The three-level model simulations arelonger for a Morse oscillator than a harmonic oscillator. This
presumed to be more directly comparable. Second, the NEMD is the same trend as we have observed in both the NEMD and
approach only give3; and no state-to-state information, and MQC simulations. It is important to note that this result applies
under some circumstances, a single time constant suthias only to the low initial excitation energies; faster relaxation is
not adequate to represent the energy decay (see Figure 3) fostill observed (see Figure 3) and expected for high initial
the anharmonic solute. On the other hand, essentially single-energies because of anharmonicity in the vibrational potential.

where the first term on the right-hand side is the equilibrium
average vibrational energy of the solute. Clearly the energy
relaxation obeys an exponential decay law with the relaxation
time Ty given by
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while the relaxation time is obtained from the Fourier transform
(evaluated at the solute vibrational frequency) of the force
autocorrelation function.

Similar results can be obtained from MQC simulations. In
Figure 5b, the position distribution is shown of the xenon atoms
with the largest nonadiabatic coupling contribution. Results are
shown for a 50 ps MQC simulation. This distribution is
qualitatively the same as that based on the forces in the EMD
simulations but is broader compared to that in Figure 5a.
Supposing that only large nonadiabatic coupling is responsible
for the vibrational transition, we show in Figure 5c the
distribution of the xenon atoms in Figure 5b with the largest
30% nonadiabatic couplings. Obviously this distribution is
narrower than that shown in Figure 5b and is centered at slightly
smaller center of mass distances.

To estimate how many xenon atoms are involved in the
vibrational energy relaxation, the average nonadiabatic coupling
component[R(i)-dos(i)[J of each xenon atorinduring the MQC
simulation and an average fordé(i)C] of each xenon atormn
exerted along the bond of Huring the EMD simulation are
shown in Figure 6. The coupling or force is averaged for the
atom with the largest contribution at each time step (the identity

distribution consists of one data point for each time step, representing Of which is not the same at every step), the second largest

(a) the xenon atom exerting the largest force along tmhd during

a 50 ps EMD simulation, (b) the xenon atom with the largest
nonadiabatic coupling contribution during a 50 ps MQC simulation,
and (c) the points from panel b with the top 30% nonadiabatic coupling
values.
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Figure 6. The contribution of individual xenon solvent atoms to the
vibrational relaxation: [{l) the average of the largest contribution to
the nonadiabatic coupling componefR(i)-dos(i)lJ) obtained from a
50 ps MQC simulation; @) the average of the forcEF(i)lexerted
along the } bond by the xenon atom with the largest contribution at
each time step in a 50 ps EMD simulation. Only the 20 largest

contribution, and so on. For clarity, results are only shown for
the 20 largest contributions. From Figure 6, we can conclude
that only a few xenon atoms can participate in the process of
energy transfer during the vibrational relaxation. The distribution
is slightly broader for the force in the EMD simulation than
the coupling in the MQC simulation. Again, the result can be
interpreted somewhat more straightforwardly for the MQC
simulation because the relaxation time in the EMD simulation
is related to the Fourier transform of the force autocorrelation
function. The results in Figure 6 support the instantaneous-pair
theory analysis of Larsen and Stréit.

5. Concluding Remarks

The vibrational relaxation of;lin a xenon solvent has been
investigated by three approaches: (1) the standard perturbation
theory approach based on equilibrium molecular dynamics
(EMD) simulations, (2) classical nonequilibrium molecular
dynamics (NEMD) simulations, and (3) mixed quantdm
classical (MQC) surface-hopping simulations. Both harmonic
and anharmoniclvibrational potentials have been used in these
calculations. The vibrational relaxation timg, and the state-
to-state rate constants, for exam{g,1, have been calculated
using each of these methods when possible. In addition,

contributions are shown; the averages are normalized to the largestinfformation concerning the mechanisms of vibrational relaxation

value.

4.6. Mechanistic Information. Both the EMD and MQC
simulations are convenient for extracting mechanistic informa-
tion about the vibrational relaxation. It is interesting to compare

available from the EMD and MQC simulations has been
examined.

The NEMD simulations give relaxation times that are
independent of the initial vibrational excitation energy for the
harmonic } potential but weakly dependent for the anharmonic

the information obtained from the two approaches, and we do potential. If the initial excitation energy is high (6000 or 9000

so in Figures 5 and 6.

cm 1Y), the energy decay is nonexponential for the anharmonic

The positions of the solvent xenon atoms that make the potential and a single time constant suchlags not sufficient

biggest contributions to the forcg, along the 4 bond in a 50
ps EMD simulation are shown in Figure 5a. This clearly shows

to describe the relaxation. In contrast, for the harmonic potential,
the energy decay is exponential for all initial energies that we

that most of these solvent atoms are distributed near the twohave studied and the relaxation time is essentially constant.

ends of the 4 molecule. A smaller number are found perpen-
dicular to the 3 bond with a very short distance from thg |
center-of-mass. This suggests that the largest sehdklent

Interestingly, for low initial excitation energies (214 and 321
cm™1), the relaxation is slower by50% for the anharmonic |
potential than the harmonic potential, which is in good agree-

interactions, which induce the vibrational energy relaxation, are ment with Karrlein and Grabert’s calculated VER rates at low
from the solvent atoms arranged at the ends or very near theexcitation energy/ and previous gas-phase calculations.

center of thed bond. However, this is only an inference because
it looks only at the solvent atoms exerting the largest forces

To obtain the perturbation theory results from the EMD
simulations, we use the quantum correction factor for a harmonic
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solute hilinearly coupled to a harmonic b&tRor this system,

the quantum correction factor is1.08, and therefore, the
classical, quantum, and mixed quantdofassical perturbation
theory approaches give similar results. The relaxation lifetimes
for the harmonic potential are significantly longer (20—
30%) than those from the NEMD simulations. If it is assumed
that the harmonic potential results can be used also for the
anharmonic case, quite good agreement with the NEMD
calculations is found.

We have investigated two short-time approximations to the
force autocorrelation function obtained in the EMD simulations
that are frequently used in calculating relaxation times. The
Gaussian approximation gives significant error, resulting in a
relaxation time that is too long by a factor ©60. Significant
improvement is obtained with a fit of ordét® giving a result
within a factor of 3 of the numerically calculatéd.

The MQC simulations have been carried out using two-level
and three-level models. The two-level model gives unreliable
T, values, but the state-to-state rate constant,, obtained for
the harmonic potential is in reasonable agreement with that from
the EMD simulations. The three-level model gives relaxation
times that are in excellent agreement with the NEMD calcula-
tions for the harmonic,lpotential and in reasonable agreement
for the anharmonic potential. The MQC results give longer
relaxation times for the anharmonic potential than the harmonic
potential, in agreement with the NEMD results.

An analysis of mechanistic information from both the EMD
and MQC simulations indicates that (1) only one or two xenon
atoms are primarily involved in the vibrational relaxation and
(2) the most effective position for a xenon atom for promoting
energy transfer is near the ends of thenblecule or very near
the center-of-mass. The two approaches give qualitatively and
semiquantitatively similar results in both regards.

The present results provide an interesting comparison of
different methods for simulating vibrational relaxation in a
realistic system in which quantum effects are expected to be
small. Overall, the three methods studied here are in relatively
good agreement with differences only on the orderdf0—
50% inT; andko—1. This is expected for a low-frequency solute
such as, though there are few direct comparisons of different

approaches (especially the surface-hopping method). The re-

laxation is much too fast (by a factor of10) relative to
experiment$® which is likely due to the potential uséd.
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